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DATA-BASED CONTROL OF 
INTEGRATED CIRCUITS 

Background of Invention 

[0001] This invention relates the use of data obtained by testing integrated circuit (IC) 
chips to control the performance of the IC chip. In particular, it relates to simulating 
i^l the operation of an integrated circuit chip and programming the reference data table 

?|l of the chip with information based on data obtained from that simulation. 

^. 

[0002] Integrated circuit chips are made by depositing and removing insulating and 
% conducting layers on silicon wafers using processes such as photolithography, 

oxidation, and chemical vapor deposition. During these processes, the chips are 
subjected to high temperatures and exposure to various gases and plasmas. It is 
nearly impossible to hold the conditions exactly the same for every chip on a wafer. 
As a result, the chips differ in the thicknesses of their different layers and in the 
diffusion profiles of dopants such as boron or phosphorus. These physical differences 
mean that the chips have different optimal operating parameters, 

[0003] Each wafer can have many chips on it and each chip may comprise thousands or 
even millions of transistors. Each transistor has a characteristic threshold voltage, i.e., 
the source~to-gate voltage that must be exceeded to turn the transistor ON. However, 
even when the transistor is OFF, a small amount of current, the subthreshold leakage 
current, leaks between the drain and the source. Since each IC chip comprises a large 
number of transistors, the tiny subthreshold leakage current for each transistor adds 
up to a substantial current for the entire chip. This current loss is especially important 
for computers that run on batteries, such as lap-tops. 



[0004] 



The subthreshold leakage current can be reduced by increasing the threshold 
voltage. One way to increase the threshold voltage of a chip is by increasing the back- 
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bias voltage, the voltage applied to the substrate of the transistor. However, a higher 
threshold voltage increases the time required for the current to charge up the logical 
threshold voltage, which increases the switching time of the transistor and lowers the 
clock speed of the chip. Thus, low power consumption and high clock speed are 
contradictory requirements. Nevertheless, IC chips for use in mobile computers are 
now required to have both higher program execution speed and lower power 
consumptions. In order to attain those contradictory performance characteristics, the 
range of permitted threshold voltages and other characteristics has become narrower 
and narrower. In some cases, at least two different threshold voltages or other control 
conditions are used. In U.S. Patent No. 5,710,800, for example, the supply voltage and 
clock rate is controlled using an internal control circuit. 

[0005] In U.S. Patent No. 6,345,362, each functional unit in an IC chip has an 

independently controllable threshold voltage. The instructions to a chip are decoded 
to determine which functional units are needed to execute the instructions. The 
process speed of the units can then be adjusted to the optimal power level. A status 
table indicates the present power status of each of the functional units and a 
requirements table identifies the units required to execute a particular instruction. 

[0006] In U.S. Patent No. 5,996,083, the rate of program execution is controlled by 

software that changes the data bus width and the power latency values. The power 
consumption per second can be decreased by changing the data bus width from 64 
bits to 32 bits, but this approximately doubles the program execution time. The 
execution time for each program is determined by the clock rate and the power 
latency, which is the time required to change the applied voltage or the status 
condition (e.g., standby or execute). The power latency time is needed to stabilize the 
applied power and the program execution and it adds to the total consumption of 
power and the total operation speed. Changes in data bus width and power latency 
controlled by the instruction program. In U.S. Patent No. 5,996,083, the power 
consumption or program execution speed is improved by changing the program using 
an internal control circuit. But the values the control circuit works with are the values 
designed for the chip. 

Summary of Invention 
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[0007] In this invention, the values entered into in a reference data table on an IC chip are 
based on actual measurements made on that chip. That Is, before a chip shipped, it is 
tested, both after the wafer is made and after individual chips have been cut from the 
wafer and assembled. During those tests, the optimal values for various parameters 
for that chip can be determined. These experimentally-determined values are entered 
in the reference data table. In this way, each chip can be individually optimized 
according to its own properties. 

[0008] The method of this invention may also result in fewer rejected chips. That is, a 

chip that is designed to operate at, for example, 1 20 MHz at 3.3 volts, but cannot do 
Cl so is rejected. But that chip may be able to operate at 1 20 MHz at 3.5 volts. According 

SJ to the method of this invention, the 3.5 volt value would be used and the chip would 

Ul not be rejected. 

[0009] The method of this invention can be used to reduce the power consumed by a 

chip, maximize its operating speed, reduce its operating voltage, or achieve a balance 
Ji of high speed and low power consumption. 

Brief Description of Drawings 

[0010] Figure 1 is a schematic diagram of an IC chip. 

[001 1] Figure 2 is a schematic diagram of (1) the control circuit shown in Figure 1 and (2) 
a simulation tester- 
Detailed Description 

[001 2] In Figure 1 , large scale integrated circuit (LSI) chip 1 , either as one of many IC 

chips on a wafer or as an assembled individual IC chip, has a data input 2 and a data 
output 3. Chip 1 comprises numerous partitioned circuit blocks 4, but it could also 
comprise a single circuit block 4. Control circuit 5 controls various parameters of 
circuit blocks 4, such as clock speed, supply voltage, and back-bias voltage. 

[0013] 

In Figure 2, signal input 6 from each circuit block 4 contains information such as 
whether a circuit block is operating or on stand-by and, if it is operating, at what 
clock speed it is operating and/or what program it is executing. Signal input 6 goes to 
monitor circuit 7, which determines which circuit blocks will be used next and at what 
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dock speeds they will be used. Monitor circuit 7 accesses reference data table 8 for 
the supply voltage, back-bias voltage, or other conditions needed to attain the 
performance, such as clock speed. For each circuit block 4, control circuit 9 sends the 
supply voltage to be used to supply voltage generator 1 0, which then generates the 
designated supply voltage; it sends the clock speed to be used to clock speed 
controller 1 1 , which sets the clock speed to be used; It sends the back-bias voltage to 
be used to threshold voltage controller 1 2, which sets the threshold voltage by 
controlling the back-bias voltage; and it sends the instructions to be used to the 
program controller 1 3, which changes the program of the instruction sets, such as the 
y, data bus width. 

[001 4] Programmable reference data table 8 contains information, such as clock speed, 

y i 

h;| power usage, or operating voltage range, that Is required attain a desired 

J|l performance. The following is an example of the type of information that can be 

Q placed in table 8: 

y [0015] 

a 

ly 

4s 



[ti] 
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Desired Clock Speed 
(GHz) 


Conditions Required to Obtam Desired Clock Speed 


Supply Voltage 
(V) 


Back-Bias Voltage 
(V) 


1.0 


3.0 


0.4 


1.5 


3.2 


0.3 


2.0 


3.4 


0.2 


2.5 


3.6 


0.1 




[0016] 

Because power is current times voltage, the power used by a voltage block can be 
controlled by controlling its supply voltage. The supply voltages and back-bias 
voltages in the table should be considered to be target voltages and voltages slightly 
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above or below the target voltages may be permitted by the control circuits. 

[001 7] Table 8 may contain data for an entire chip or it may contain different data for 
different circuit blocks 4 on a chip. It could even contain different data for different 
transistors or different groups of transistors on a chip. This data is accessed by 
control circuit 9 so that circuit blocks 4 operate at the optimal speed and voltages. 

[001 8] Previously, the values in reference data table 8 were determined by the design of 
the chip. That is, the clock speeds, supply voltages, and back bias voltages that the 
chip was designed to operate at were entered into table 8. However, as explained 
hereinabove, each chip is slightly different and the designed values may not be the 
optimal values for any particular chip (see "Impact of Die-to-Die and Within-Die 
Parameter Fluctuations on the Maximum Clock Frequency Distribution for Gigascale 
Integration." by Keith A. Bowman, IEEE Journal of Solid-State Circuits, Vol. 37, No. 2, 
February 2002). 

[0019] Referring again to Figure 2, in this invention reference data table 8 is 

programmable and values based on measured data are entered into table 8. Tester 14 
tests chips to determine whether the chips are acceptable. The test can be performed 
when the chips are part of a wafer or when individual chips have been cut from a 
wafer, assembled, and are ready to be shipped, or at both times. The test is preferably 
performed while the chips are on a wafer, however, as that is more economical. 

[0020] Tester 14 has a simulation circuit 1 5, which provides one or more programs for 
the chip to execute, a control circuit 16, which controls the clock speeds, supply 
voltages, back-bias voltages, and programs of instruction sets used in the test, and 
the programs to be executed by the chip. The test can be performed on the entire 
chip and data can be entered into table for the entire chip. Alternatively, the test can 
be perform on individual circuit blocks or even on individual transistors or groups of 
transistors and data can be entered into table 8 for each circuit block, transistor, or 
group of transistors. The test typically consists of determining whether the chip can 
successfully execute one or more programs at various clock speeds, supply voltages, 
back-bias voltages, and programs of instruction sets. Preferably, for use In battery- 
powered computers, the chip is tested at 2 to 4 different supply voltages between 1 
and 4 volts, at 2 to 4 different back-bias voltages between -0.5 and +0.5 volts, and at 
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2 to 4 different clock speeds between 1 and 300 MHz. Preferably, for use in plug-in 
computers, the chip is tested at 2 to 4 different supply voltages between 1 and 4 
volts, at 2 to 4 different back-bias voltages between -0.5 and +0.5 volts, and at 2 to 
4 different clock speeds between 0.2 and 2 GHz. Of course, as chips improve, the 
preferred test voltages may fall while clock speeds increase- The test may also be 
performed at other conditions, such as at different temperatures, for example, 
between 0 to 70 C. Typically, the data obtained is the minimum supply voltages and 
minimum back-bias voltages used in the test, at which the chip successfully executed 
a program at each clock speed tested. The data may also show that the operating 
voltage values should be different from the design voltage values, which may change 
the range of the operating voltages. 

[0021] Control circuit 1 5 also evaluates the results of the test and, based on the test 

results, selects values to be entered into table 8. Data obtained during testing may be 
"adjusted" to allow for a margin of error or for other reasons. A program circuit 1 6 
then programs table 8 by entering values based on the test data into it. The values 
can be permanently fixed in table 8 by, for example, the anti-fuse method, the non- 
volatile memory method, or by other methods. In the anti-fuse method (see U.S. 
Patent No. 5,324,681 , herein incorporated by reference), a value is fixed in table 8 by 
burning out a "fuse" in the chip. U.S. Patent No. 6,31 9,773B1 , herein incorporated by 
reference, describes the non-volatile memory method. Alternatively, the values can be 
tentatively entered into table 8 so that the chip can be retested and new values 
entered into the table at a later time. Tentative values may be useful to allow for 
erroneous testing or changes in the chip or the requirements for its use. 
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